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TESORSTICAL XIIYS3TIQATIOS3 OF THS HE3ISTIVITY-1\TURA7I0H 



liSLATIOITSKIFS III P0R0B3 liATEiUALS 



AflaTHAOT 

In thi« paper it has hson shown that the slnilsrity exist ln(; 
hstween sleotrloal and hydraullo flow Ituds to a relation^lp hotwesn 
sleotrloal oonduotlvlty nnd hydraulic permeability, Expressed in teraa of 
relative resistivity and relative percneablllty to the wetting piiase, the 
relative permeability is equal to the relative resistivity times the 
square of the oondxiotlng fluid satimition. 

Analysis of ths data of provlous invest i{];ators shows that for 
olean unconsolidated sands the relative pemeability is equal to the 
square of the relative resistivity. For ooneolidated sands the data ars 
not as definltivi, but ths indioatlons are tliat the relative permeability 
will be less tlian the sqt^are of ths ralativs resistivity, 

ETTR0SU07I0IT 

Sinoe the ti e of its inoeption the eleotrioal log lias been 
used primrlly to oorrolate stmeturos and geology in local areas, and 
to indicate qualitatively a given stmtxcn’s fluid content. It is readily 
apparent that qxumtltative x^elationshlps between fluid content and ths data 
available from the electrlo log would Increase the value of the lattor 
teany times. 

The problem here is two-fold, 7hore must be established a 
quantitative relatlonslilps batwoon the brine aat\iratlon of a porous matrix 
and its resistivity at this saturation. Further, the relationship of the 
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true rveistlTity to thot obtnlnod ^Ith the log, oa^plioated at It is 
by jsany aids tfftott, mst bs oatabll^sd. This probita it being studied 
pritoarily by the oil irsll servicing ooi^nies, nnd although the answer 
it not complete, satisfactory os^irioal relationships have been worked 
out in the for<:i of ourvas, The probloa of the quantitative saturatlon- 
resiativity relationudiip, with which this pax>er will concern itself, che 
been prlzaarlly ono of the laboratory and hot been attached by nany 

The first definitive work to extend the usefulness of the 

( 2 ) 

eleotrical log In a qiiantitatlve sense was done by Arohie, Ee 
proposed & ciothod for detsmlning the oil or water «Aturatlon of a 
reservoir bed fron a aeosure of its resistivity as ooniijared to the 
resistivity of the brine with which It Tsas partially saturated, 

Froa an extensive esriss of data Archie postulated two 
snplrical relations: 

P ■ f ““ (1) 

3 * (Ro/H)^^" = (p:aw/H)V» (2) 

/ where F is a "foxssitlon resistivity fnctor" defined as the 

zwsistlvity of the saturated matrix (Hq) divided by the 
resistivity of the brine with which it is saturated (H^) 
f is the fractional porosity, 
n is an exponent termed the oementation factor, 

3 is the fractlorial brine «tur«tlon, 

R is the resistivity of the partially saturated matrix, and 
n is the aaturntion exponent, usimlly taker, as 2, 

This woi5: opened the field for subsequent investigators to establish 
a core prsolss relationship between the brine rtfitturatlOh of a porous matrix 
and the resultant rsaistlvlty. In the min these efforts have bemdlrsotsd 
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towird •«ta’^>lia^tlnG a ralxit for ”n" tlmt will result In mors oonslstsntly 
oorrect oralmtlon of ths saturation, end towjjrd showing that ths rsalstiwity 
Is a funotion of ths method of saturation and of ths fluid distribution* 

Certainly sUtdlss of ths variation of resistivity with distribu- 
tion ars very nooss^aiy slnos the distribution of the fluids will probably 
sffoot ths resistivity, f’hsu tlie tasdlui is ^est by the oonduutlug phase 
ths effsot is usually snail, but narked varlatloits )iave been shown to 
ooour In sojio oases when the snnd Is oil wet,^^^ 

However, It must be rsma.n>:sred that ths date obtained have bsen 
applied to an expression which was put forth Inltlall;^^ as an approximte 
relation sliliJ without a solid thsoretloal jtistlfication. To overcoms this 
dlffloulty, the problem was attacked frori a fimckunental theoretloal 
standpoint. Idealised pore spacos were broken up into inoremental ele- 
ments and the resistivity relationships were analysed. By this i«.eana ths 
relatiunsliip between resistivity end saturation iwia deteruiined for slTiipls 
idealized pore opucss. 

This approach to the proble.Ti shotted that oven in these simple 
ensee the relationships were vsrj' complex, and that no sicple, general 
solution of the x*el»tlonshlp wi.s available from ths geometry of the system 
alone. <aiother Independent parenetor was raqulrsd. The relationships 
o'otr.lnsd and their derivatlor.e are oontalnod in Appendix I. 

00.-OSPT OF R: -LUST 17 IT Y 

If the laws of olsotrioal flow are aonsidsrsd, it will be noted 
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that fcr a oonatant alcotrioal TOltag* and reaistlTity the an:'.otint of 
ourrtnt flow par xuilt of lenr:th will be a ftmation Of the area available 
to flow. For hydraulic flow throu£^x a capillary tube, for a constant 
pressure gradient, the rate of fluid flow will be proportlo:u\l to the radius 
of the tube ralsod to the fourth power. X-hls was indicated by tTyllie and 
Rose^®^ wnen they called attention to *’a fundamental difference between 
vlscoua roaistivity to fluid flow and electrical reelatlvlty, ?he former 
effect depends principally on the pore radius to the fotirth power (r ) and 
the latter to (sio) tho radius sq^iared (r^)", 

^Ith this ooncei>t in mind the relationship between electrical 
conductivity and hydKiullo permeaoility will be developed as followst 

Consider a porous inatrix saturttted with a brine of resistivity 
R),, Ths rsslstancd offered to elsotrlcal flow is given by the relation 



Rea • (d/na)R(j 



(3) 



where d Is the average length ef the pore olumnels. 



n is ths nisaber of pors channels, and 



& is ths average cross sectional area of the pores. 



The resistivity of tho saturated matrix, Rq, Is given by 
Ho - a„(d/na)(A/L) • (d/L)(A/na)R, (4) 



where L la the length of the matrix in the direction of 



elect rioal flow, and 



A is the cross sectional area of ths matrix. 



If the fractiorial porosity, f, is writtsn in termes of the 



geontstry of the system 



f m ▼oid volume ^ (d)(na) 

bulk volume *■ (L}(Aj 



(5) 



5 



%» li^ tmrn^-imt» • -i.^% itatt 

tt) »yi— m%- «Al u «*IMr> • « '« 4(^ -%0% 9mt% itam ^ 

a 

mmmm tr* pnii^i • imki ,p»n •? 

mMfm. 0f -s^ Mu^nMil it mm n •#« «i# 

aii^ 1# auisy m* um . rmt » i^a^r . u4 4*««ai «eai mj u 

•« m* 4ir4^ »f im ^jmmtf 

»«4 (N| fcvite' eM «# «0O.« •*« W 

69 (^pi 3| '.*<1^1 «d4 
*A/ tv^4.o v| *19 

• %* f^srn^ •• .j '*• flUU«aB«na ama ^VriiMAeakit 

%kJ%§ aft$i0 ••4*a^f4» AflftM f*B^ 6«96 

4M.«.a:W i«t »l *6in tfj tain i» 6^iat>< Ali 1^ 

'it ^m\A)^mL 

l.r •4^6«k «mtT 6W % t^K^«! •«* «i f OT|»' 

,»♦> ^»^ti fftnt It Ttii j ••9 »i • 

^ H •«•• ^•»c>ii9» ••«%» mmr~ t>9 ft • 

^ «ril« rl «« ««#«toi4» «•! ta •<) 

• i| ^<91 .4M/U) » UUllt«\tW *■ •« 

IB- 6B 6t ^ ,v 4i9il ^ •! i W0am 

6m ^il 4 iilhBM 
BJ Id 9M IIBUitfl BMft fit |l A 
«t: It «vft# fj ii ,1 ,r m» p^ a»i U 

■ P J tp 9b' VjO n »>r BBi 




Then 

(A/na) 


» (d/L)/f 


(6) 


From which 

Ho/J5w 


- (d/h)^/f 


(7) 



irtier# (d/L)^ * T, it ttnatd th« tortuosity of the tysttaj, 

HtwritloG tqxiatlon (7) 

Vftw • (7a) 

which it at varlanct to the rtlationthip H<j/% * 
dtTOloptd by ^iilt and ;toso(^^ at a definition of form&tiou factor 
btcanss they based their duTtlopcsent on th# relation f = na/A, whloh 
is true only for the oaplllaiy' ttibe where d/L * I. 

Vtlien the eleotrlcaX end hydraulic flow paths are the same, when 
no eleotrlonlly oonduotive solids are present the peKnoabillty may alto be 
expressod as a funotloii of the tortuosity. Rose and Bruoe(^*^^ express 
the hydraulic permeability of a jjorous csitrlx by the following relations 

K ■ (f»2/ko)(l/2?) (8) 

in which K is the penaeabillty, 

m Is the mean hydraulic radius » f/Aj, 

le the surface area per unit to1\bb© of the matrix 
forming the pore ohanncls, 

le a oonetent of streamline motion derived from 
the Kozony equation, ond 
f la the fractional porosity, 

IThls may be written ae 

K • (f3t)/(Al^o) (9) 

where t ■ l/l 

For any soturatlou of tlie wetting phase the effective porosity 
of this phase will be eqtial to the product of the porosity at complete 
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saturation tlnss ths fraotlonal saturation. 

f, » 3f (10) 

!i^sn for au;^ saturatloii in which 3 is lass than 1.0 

% « (f«3t)/(Ai^) ill) 

Fran aquation (7a) 

t = (%/Ri)/fg (7b) 

Then 

Ki • (f*VAi%o)(V%) 

■ ( 12 ) 

Writing; pemeability at 3 *1,0 as tho hOBiOgonsous fluid 
pemeability IC, and the parjieaoility at 3 1*0 as and siaiXarily 

the resistivity at 3 * 1,0 ae 5^, and at “S 1,0 as H, the ratio K^/K 
beoosesi 

X ” (f“/Ai^oHViU 

or 

K^/K • 32(Ro/k) (13) 

In which K^/K is the relative pertaeability to the wetting plmse 
as currently defined in the literature, and ^q/H Is a new oonoopt texioed 
the relative x*esistiTity, 

A!?ALY31S OF MTA 

Prom eqx^tlon (13) it nay be seen that the relative pemeability 
end relative resistivity are both funotlcne of tho wetting phase saturation. 
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rslatlTa p«m«ablllty to th« vottins phaso for a olcan xmoonsolldated aand 
r«sult in a linaar rolatlon with aiitumtlon on lo^arlthcic ooordlnataa. 



rasistanoa of a clean tmccnsolldatad aand against saturation. From these 
data the quantity (}\q/r)Ji^ :aay be oalculated. This fm^otlou la then plotted 
on logurithi^^ic acorditoitaa against saturation and a straight line cay be draim 
throu£^ Dunlap's exparir&sntal data plotted in t];l3 traraiar. For the reals- 
tlTlty fvuiotion in the roglou v?hare 3 < 0,5 the fit Is excellent, AboTS 
this regloii the sxperlmantal point a arc sprasu, possibly bacausa of non- 
uniform anturatltn, Beoeusa no Informtion is nTailabla on the gradient 
of auoh possible saturation variation, the lliio represents en "eyeball" 
average of the data. 



axes represent the right and left eldee of equation (13), and the horizontal 
axis repreeanta ths fractional wetting phase euturation. 



obtaining these two sets of data, and despite the faot that the properties 
of different winde were being investigated, olose agreetaont is obtained 
between the two linee, Thue it can be eaid that tho funotion of saturation 
involved is the bosm for both parameters. 




These two sets of data are shown on Figure (l). Ths vertioal 



Despite the fact that over ten years fioper^vta tho times of 



Thai the equations of these two lines are 
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where u ie the elope of the linee 
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FIGURE I 
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Kf,/K » (i5) 

7h8 slopa of tha llr .94 In Fltjnra (1) le eqnaX to 4, Kquation 
( 15 ) than ts Jons s 

iC„/K * 

or for ol«on, tiriaonpolldr tod e, nds tha relatlvo ponnaaollity to th« 
wettlnj; phnso Is equal to the s pair* of ths relatlvo resistivity* 

Golnc book to equation (14a), for n » 4 

-3^ (17) 

Thns for clean, tir.oc-i'801itl''iteA Sc'...d8, the i*elatlon postulated 
by Arohle^'^^, nnlr^ an exponent of 2, is quit® valid. 

For oor.aoildf*tod eMi.(ls the d; ta fcval.aule in the i.lt 0 ratn.te 
are not definitive, Uaia.^ the data of .ores and his oo-workere^^^^, 
for oon 80 il(k't«d sands, tJie rijl»t rna left siuaa of et nation (IJ5) ar© 
again plotted ajalnst s.' titx*atlou on logarithnic coun*lri«teg, Figure (2), 
The lines tJiUs obtained f.re rot as ,ood i-.n those of Fl.pvre (1), but yield 
a slop® of approxi. Atei^ 6,t . 

Then for oonso lidi tel »»i..u.8 aqxprcxi sut© relations r^iy be v»ritteu 

* (:io/H)^’^ (13) 

3^ « Ro/« (15) 

heoause of the dearth of data for consoildntad sar-ds equations 
(13) and (19) are presented 0 . Ij as qualitative i^elatlons, 

Considarlng the cc se of tlie oaplllary tube, it is Jo ovm that 
the reelstivlty va lee linearly with the saturation, Frox this the 
function (do/^)3^ ®ey oe cnloulated and plotted against aatvu'otlon. 

Figure (3) siiOws the slops of this line to be three. 
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Thus for a oapillary tub* 
or 

3 » Ro/a (20) 

which relation Is Indstd Tulid. 

It inust b* re.'se.T.’jsred, however, these rolatlonablpa are 

applia'jbl* only whan the hydraulic end aleotric flow paths era the anue, 

•r when there are no conducting, solids to oonduat the electricity to th* 
exoluslon of fhild flow. 

Additional data are available In tne literature In the work of 
prevlcu* Investlgatore^^^^ Tliaae data along \vlth those prevlouely 
used ara shown In tabular foxtn in Appendix II and the source of eaoh Is 
Indictited, In all oases, in order to obtain relative |>eri?5sabillty end 
relative resistivity valucn at the st:rae sntx’.ratlons, thee* values ware 
taheu froci the ourvos <trawn by these previous inveatijyttora rather tli&n 
the expsrlnsntol points themeelven, Ihaae data are grouped for unconsoli- 
dated sands, oonsolldiited sends, and nynthstlc ccnsolldntsd oores. 

Using the arithmetic average of the four eets of data given In 
Table* I through IV (Api^endlx II ), thrs* ourvos were plotted on reotanfjular 
coordinates, (Figure 4,), ?ht first curve Is a plot of relative resistivity 
versus eaturation, the second Is a plot of relative pen.ieobillty to the 
wetting phase versi<a eaturation, and the third la a plot of relative 
resistivity sgiuuwd verws saturation, The spread of the relative resis- 
tivity data used to obtain ourve 1 of Figure (4), is shown by Figure (0), 
Appendix II, The close agreenent of cuxTes 2 end 3 supports the 
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AVERAGE VALUES OF RELATIVE RESISTIVITY 



AND RELATIVE PERMEABILITY FOR 
UNCONSOLIDATED SANDS 
(TABLE V) 




FIGURE 4. 



relAtlcmahlp given by eqwtion (16), 

Referring to the <J«ta given by Uorae^^^^ for a Bradford eand, 

(Table VI, Appendix II), aurves siallar to tfcoao dra'sm for the tmoonsolidated 
sand are shown for this one set of datn on a consolidated sand, Figure (5), 

In oddltlon a fourth otirve la drawn to represent the rlgiit hand side of 
equation (13), Tlia fair agreessent between curves H and 4 tends to support 
the relation given by equation (IB) for this eet of data, 

FUvslly ueing the data for a synthetlo core given by .orse (12) 
the three ourvas siiown In Figaro (4) ore plotted for a eynthetlo core, 

(Table VII, /»ppendlx), Fl^^ira (6) sliowg these relatlonelilps but the 
data available for tblo case rrefe so scant that no definite oonolusione 
£3Ey be dravm therefrou, except that this aet of data gives oxoellent 
support to eqr*otlon (16). 

If all the data and the fundaoental Ideas developed noovo are 
cocelderod together In a rctc general senae en additional poselole 
aspect of the relationship beooxes apparent. It nay be noted that for the 
oacee of the tinooneolldfitod Binds end the synthetic core the data availeble 
are In sgreeaeat with the relntlonshlps 

F^/K - (Ro/R) 2 biid 

* 3 ^ 

The min point of pl^sloal similarity between the unconsolidated sands and 
the synthctlo cOi*e Is t)r»t both ar®, to all practical nurpoeos, isotropic. 
There are no bedding planes and no atratiflcatlon. With this 1 ji mind, note 
that for tho case of the oaplllfay ttibe the relation between relative 
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RELATIONSHIP BETWEEN RELATIVE RESISTIVITY 
AND RELATIVE PERMEABILITY FOR 
A CONSOLIDATED SAND 
Data After Morse (12) 




FIGURE 5. 



RELATIONSHIP BETWEEN RELATIVE RESISTI VITY 
AND relative P ERMEABILI T Y PQR ^ 
CONSOLIDAT ED SYNTHETIC CORE 
Data Affcr Morse (12) 




FIGURE 6. 
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rtalstlTlt^' and saturation la 

Jlo/it s D 

Consider, in this litjit, tue aaae of a oonaolldated sind 'with 
sore or losj stratifloation. If tho planas of stratification nro such 
trjit flow paths are no Icn^i.-sr random, than preforantinl flow ohannals will 
ba sstabllshed althar in the c^neral direction of flow or coroas the 
ganaral direatlon of flow. If along tha aii’actlon of flow the ccnditicna 
will tend toward thoso of the oapillary tube, and the relation between 
relative rosistivlty and g..turatlon will baccma 

Hq/H = s'® whoro n<2 

If stratification la nora pronounced ocross the dlrsotlon of 
cleotrionl flow tha oor.dltlons will ba on tha other side of Isotroplo 
conditiona, and 

Aq/H • J® where n > 2 



PrtOPO^nD H!?PT3 RSlSjinOH 

since the data presented are somewhat varied and were not gathered 
with this problem si>eclflcc.lly In mind they are not ideally milted for 
the ooaflnaatloa of the relationships postulated. It would therefore be 
donireable to obtain additional data under olrotmatnccec controlled to 
point up the effects aonaldsrod, 

Althougji It Is felt triat the fluid distribution within a oore, 
ae well as the aotual saturation, will effect the resistivity the Initial 
step In ths nnalycls should be to establish this faot experimentally , 

Suoh experi rental verification on o icaoroscoplo level could be 
obtained by placing a partially satTimted core In a oentrlfuge end 
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EXPERIMENTAL SETUP FOR MEASURING 



RESISTI VI TY AND PERMEABILI T Y 
Vertica I Cross S gc tion 




rotating the oentrifuge «t veloaltiee suffiaiently hlf^ to obtain definite 
aaounte of fluid migration. As tho orientations of the oora were ohangsd 
fluid migrations would tahe place to Tarlous parts of the core and fluid 
dlstributicriB would be olianged. The rotor of the oenti’lfuge must be fitted 
with allij rings to raeaeur© tha I'esistlfity of the aora while the oentrlfu'je 
is rotating, A control plug of loiown, and constant raslstlTity must be 
plnoed in the osntrlfuge to heep a oheoK on olroiilt variations, suoh a study 
would show the effeot of changes in the mciorosoopio fluid distribution 
within the aoro, Uiorosoopio variations would probably Mve an effeot upon 
the resistivity, as Indlosted in tha earlier disousslon, but those varle- 
tiune would be mashed by the larger rrsaorosacplc effeot, 

having established such an effect the problem of a relation&hlp 
is pritKirlly that of the relationship between hydraulio and eleotrlo flow. 
Thus a system in which both hydraallo and eleotrlo flow can occur mast be 
used. Further, since there cro only two eleotrioal ’’phases'*, the oonduo- 
tlng fluid and the non-oonduotlr.j fluid, only a two phase hydrrjullo 
•ystem is aeoessQi’y, .hioh a system could be set up using n modifloatiou 
of the SQulpm.ant described by Ptwlnp'^^, shown In Figure (7). 

Knowing the har.ogsnsous flxiid pemseablllty of the core, and its 
effeotlve porosity, the core laotfuted In suoh a Incite core holder oan be 
saturated with brine. At this saturation the voltage drops oan be 
measured m^d the resistivity, Hq, can be oolouleted. The mxltlplo elec- 
trodes provide a oheolc on tha tmifonnlty of sattirntlcn. 
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Ths sfitumtioii oan bo varleu by flo^in^ oil ona wotsi* 

thro^ig}! the systo-Ti at rates flxe^ by the oonatant voIutio paraps, VJior. 
equilibrluni la raaohed the fluid flijx ont wil* bo ontjal to the fetaoiaats 
flowiKrj in and a oonstant pressuro drop will obtain, fro 3 these rates of 
flow the pemaabilities to ootn phnsea oan be Ov^loulatsu, althou^^i la thla 
analysis only the penea-iilty to t-i 8 brire pliase is reoairod, 

T.hlle the ayste'i is fiovrlne* imusr equiiluriun ooadltlono a volttige 
can be L-prassea aoross tne end eXectrodoa, The volts -e aorosa tho .lieasurlng 
eloatrodos os' oa .„eaaared, end fro, this the reolstlvity, dj, can cal- 
culated, To estuotisn fthetaer or not tno re 3 l! 5 tivl,,y ill be effeotod by 
otresL.liij potential j>n0no.-8iu», /Vur-ouilo flow ain bo stopped, tl.a voltn^ie 
drops laeasured and tae rnsletlvit. nider stetio oorditioi.s celculatod. It 
is oonslderea ti*et for brine oonce..tr!» cions <;roater tivm o.lir this effect 
will ue snaii., 

Thla tnen will per.nlt par; e-oillty and resistivity ineaso.ro;:ne&ts 
to be ..*Au.e at various obturations. In order to nnke those data definitive 
of the oo..ditlona ajx Indapeiment ootenninot ion of the brine erturatlon 
.iuat oa s«ae, Ihla miglit oe aooo'.uianoa by a ■nas '5 balonoe, but, because 
of tae ralativoly i&i quantitioL of fluid iiwolveu, the proclsion of this 
method will (JO po-r, 

A .*.ore eaiisitotoiy apprcaoii to the proble'^ lies in saturation 
evaluation wy X-ray exiaiyale. If the equlpaent desoi'ibed aoovo woro no'jufcod 

I 1 ^ > 

in A-ray equip out as desorlced Li^lrd end rutjjscn' after ®&oh aot of 
per 5 ,sauiiily &x,d resi&tU'ity ) ureir.ents, tho eatm'otlon snu its dis- 
tribution could be evnlutited indexxondor.tly. 
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with <kita Obtained in this fashion the reliability of the 
rslationshipo dsTeloped ebove oould be oheckad conolualvely. 



OONiJLUJIOnS 

1, It has been shoim that because of the similarity bstTretn 
slectrloel end l^draxilla flow & rolotlun may be devsloixtd between alea- 
trioal o onductiTity or resistivity and hydraniio pameablilty, Tliia 
rslationsnlp takes the form 

s (Ho/R)3^ 

2, If the saturation is eliminated froii the expi'ession, a second 

relation reeults ,, 

Kji . 

(a) Exporlrasntal djtta show that for clean unconsoiiuMted Stmds 



u X 4,, end 

Vk - (Ko/k)2 

(b) For consolidated sands the <k».ta avfeilablo are not as oon- 
oluelva, but a (puilitatlvs relation ciay be written 

x<v/K ■ (Ro/d)^ Where v < 2 

3, It has also boon aitiown tliat the relation posUilatsd by Arohie 

S'’ = ilo/h 

is (^uite valid for clean unooneolldated sands* 



?i':N!j?A7IVE AD.)IT.q.'»:.. Jv vJ%hjIoK3 

In addition to tho conoiuaiona given above the following tenta- 
tive oonclusions ere also presented. 
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1, For igotropis media tha relative perineaullity to the wetting 
phase is equal to the sqimre of the relative resistivity. Further, for 
these madia, the ralnt lor. ohlp devo loped by Archie is valid and the 
exponent of the saturation is equ.al to 2, 

2, For acisocroplo media, la which the bedding; lies In tha 
dlreation of electrical flow, Archie's rslatlonsiitp is valid, but the 
exponent of the sstnnitLon is less tl^an 2, 

3, For anisotropic media in which the bedding Is across the 
dij'ecwion of electrical flow, Archle'r, ralntionshln la valid, but ths 
eoeponant of the sotuifitlcn ia greater than. 2. 

By a study of the rsalstlvltles of oonsolideted srmde In 
carefully oriented positions these oonolnslons cottld es verified, end. 
If trus, a qvccnt itat ive relationship estoblisioed. A study of nvoilable 
field data aight also be used to investigate those relationships. 
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Frox tii« devalopir.ent given above it «y be seen that 
althtra£^ the ralr.tlve resistivity will In general the form 
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there ie no eLnple precise relationai-^lp between s:\tnratlor. or! reals- 
tlvlty. As the system begins to approach o natural system, ir. the oxiblo 
pncklrig of spherss, tho relationship eaoo/r.ee very forxiuacle Indeed. 

For this rea .on the problem wsc studied ir. tsr.xs of e additional 
parameter, tht-t of the variation of hydraulic permeaulllty with 
saturation. 
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If the aquations for /r are exaralnau In th« ra^jion where 3jj 
is small, the foliovrlng approzioata relations may ba arrived at oy nsclooting 
the hlgJisr powers of 3u, 

For the spherical poret 
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7o establlah the 8l.^iilfioanc« of ths hi^ar ordsr tei'ss in thsse 
relationships, eqiwtlon (29) wt-s •)lottod on lo^.Bvithjf.io ooordljiates filong 
with equation (33), The axperl'-wntal data of Fit,Tir8 1. is also shown for 
oonparlsoo purposes. It m:i; be seen i T'lediatoly that the hi,:5ier order 
terns are significant nil the way ar4d suoh a sl-T-piif lent ion is a poor 
appr ox iaui t i on , 

It should be noted, however, tnat the line of the sxxjeriii^ntal 
data la aa'iswlsat an aveiY.*;e of these two ciiivee. This is not eurprlaing 
when one oonsldors that the ideal pore shapes ware studlad cs nlngle pores, 
while in a randomly packed porous msdixta .:anj of the Indlvidiwl effects 
will canoe I each other, 

SlnoB suoh an hTeragir^proaess will effect tUs electrical cond- 
uctivity and liydraulio perx.enollity sl.ailnrlly a relaticnshix) between the 
two would tend to cancel out the rando-T. effects and .nske the problem 
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Tablo I 


i 




Table II 
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(Leverett ) 








3 Rq/R (RqZrI^ 
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Ro/R LRoM^ 


KyjfK 
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o 

• 
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1.0 


1.0 


1.0 1.0 


1.0 






0,9 0.84 0.702 


0,70 


0,9 


0,845 0.712 


0.74 






0.3 0.67 0,45 


0.46 
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0.69 0,475 


0.53 
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0.29 
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0.17 0.029 
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0.6 


0.11 
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0.5 


0.07 


0.005 
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0.05 


0.002 
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1.0 1,0 
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0.34 


0.71 
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0.7 


0.54 
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0.6 
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Relative Resistivity Data 



for Glean Unconsolidated 3and 



Top Part of Jors 


Table 
(muilap^ ^ 
Lliddle 


1 VIII 

^ , Fi£;ure 5 ) 

1 Part of Gore 


( 

Bottom Part 


of Gore 
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Rq/R 


(Ro/R)32 


ii 




(Ro/h)32 




Rq/R 


(Ro/h)3^' 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


0.89 


0.917 


C.725 


0.71 


0.86 


0.470 


0.80 


1.0 


0,640 


0.32 


0.735 


0,526 


0.67 


0.307 


0.133 


0.73 


0,333 


0.4U 


0.75 


0.550 


0.319 


0.53 


0.153 


0.052 


0.67 


0.833 


0.374 


0.65 


0 .306 


0.129 


0.53 


0.116 


0,033 


0.57 


0.714 


0.232 


0.53 


0.153 


0.052 


0.47 


0,100 


0.0220 


0.52 


0.312 


0.084 


0.&4 


0.121 


0.035 


0.44 


0.092 


0.0178 


0.50 


0,278 


0,0695 


0.49 


C.112 


0.027 


0.42 


0.075 


0.0132 


0.45 


0.212 


0.0428 


0.45 


0.106 


0.021 


0.36 


0.070 


0.0091 


0.42 


0.200 


0.0353 
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0,097 


0.013 


0.32 


0.063 


0.0065 
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0.012 
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0.0055 


0.32 


0.125 


0.0123 


0.33 


0.078 


C.0085 
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0.0070 
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0.0043 
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0.0025 


0.22 
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0.041 


0.00130 


0.20 


0.043 


0.00172 


0.22 


0.054 


0.0026 


0.20 


0.037 


0.00143 


0.19 


0.041 


0.00148 


0.21 


0.050 


0.00220 


0.13 


0.029 


0.00094 


0.17 


0,031 


0.00090 


0.19 


0,048 


0.00173 


0,17 


0.025 


0.00072 


0.15 


0.020 


0.00045 


0.18 


0.042 


0.00136 


0.15 


0.018 

i 


0.00040 


0.14 


0.019 


0,00037 


0.17 


0,032 


0,00092 


0.13 


0,014 


0.00024 


0.13 


0.014 


0.00024 






.ir 







I ; 



I 



>telatl?9 Pe rrr.es bility Data for Urccnsolinatad Sands 



Table XX 

(’.."ycicoff & 3otset)(^^^ 
S K-vi/K 
1.0 1.0 
C.9 0.70 

C.3 C.4G 
C.7 0.29 

C .6 0,16 

0.5 0.08 

0.4 0.035 

0.3 0,0 1C 

0,2 0,005 

Relative RaaiatlTity and dolativa Fart 
for a Oonsolldatod Sand 
Table X 
(?:ore8 ) ( ^ 

Bradford Sand, Air Permeability 93 md.. 
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iio/R 


(Ro/a)s^ 


hilL 
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1.0 


1.0 


0.9 


0.40 


0.324 


0.37 


0.8 


0.25 


o .160 


0.24 


^.7 


0.17 
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0.12 


0,6 


0.11 


0,0396 


0.04 


0.5 


0,07 


0.0175 


0.01 


0.4 


0,05 
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lability Data 



Porosity 20.2/1 
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^•flnltlcn of Reulsttvlty* * 



RslatlYe r«*ijtivlty as ttoad throughout this work In aotiuslly 
the BalatiTre reolprooal rasistivity, or the relutlTe oorduotivity. However 
for clarity and brevity, the ter* relative reelativity is used. 

It should be noted that relative reciprocal resistivity, or 
relative oor.d’viotivity, is the electrical anslog of relative perrtabllity 
and varies between 1,0 and 0.0. Belotlvo r 88 iatlvlt ,7 on the other hand 

varies betwoan 1,0 and infinity. It is the former ttirT’., with ai>proprlate 
limits, vftiioli is used thr<ji;£;hcrut thle work. 
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